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Design and Implementation of Sensorless Capacitor
Voltage Balancing Control for Three-Level
Boosting PFC

Hung-Chi Chen, Member, IEEE, and Jhen-Yu Liao

Abstract—Compared with the conventional boosting PFC con-
verter, the three-level boosting PFC converter has two cascaded
switches and two cascaded capacitors across the dc-side voltage.
Two capacitor voltages may be different due to their mismatched
equivalent series resistance, their mismatched capacitance, and the
mismatched conducting time of the corresponding switches. It fol-
lows that the controller needs to sense the capacitor voltages to
balance both capacitor voltages. In this paper, the sensorless ca-
pacitor voltage balancing control (SCVBC) without sensing the
capacitor voltages is proposed, and the total number of the feed-
back signals is saved. The proposed SCVBC is digitally imple-
mented in an FPGA-based system. The provided simulated and
experimental results also demonstrate the proposed SCVBC.

Index Terms—Sensorless control, voltage-balancing control.

I. INTRODUCTION

O REDUCE the power transmission loss and increase the
T system stability, more and more power-electronics prod-
ucts are forced to include the power factor correction (PFC)
function [1]. Generally speaking, the PFC function includes
shaping the ac-side current waveform and regulating the dc-side
voltage. Due to the characteristics of the continuous current, the
boost-derived PFC converters have been widely used to achieve
the desired PFC function [2].

For the conventional boost dc/dc converter, the single switch
needs to withstand the dc output voltage when the single switch
blocks. As shown in Fig. 1, two cascaded switches and two
cascaded capacitors are connected together in the three-level
boosting dc/dc converter. When one of the switches conducts
and the other blocks, the blocking switch needs to withstand only
half dc output voltage if both capacitor voltages are balanced. If
not balanced, one of the capacitor voltages may be larger than
the breakdown voltage of the switch, which would contribute to
make damage to the switch.

It is noted that the inductor voltage in the three-level boost
dc/dc converter has three levels, which makes the three-level
boosting dc/dc converter to have smaller inductor current ripple
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Fig. 1. Three-level boosting PFC converter with multiloop feedforward con-
trol and the conventional capacitor voltage balancing control loop.

than the boost converter under the same switching frequency.
Therefore, the three-level boost converters are often used in the
high-voltage-ratio applications [3], such as the fuel cell appli-
cations [4], [5] and the grid-connected applications [6]—[8].

In addition, the high-withstanding-voltage semiconductor
switches often have higher cost and the larger drain-source
resistances than the low-withstanding-voltage ones. Thus, the
three-level boost converter has the additional advantages of the
low switching loss and the high efficiency [9].

The three-level boosting PFC converter was first proposed
in [9] by connecting the diode rectifier to the three-level boosting
dc/dc converter as shown in Fig. 1 [9]-[14].

In [13], the multiloop interleaved control combining the mul-
tiloop control and the interleaved PWM scheme was first pro-
posed to control the three-level boosting PFC converter. As
shown in Fig. 1, the multiloop control includes the feedforward
loop, the inner current loop, and the outer voltage loop.

The three single-phase three-level boosting PFC converter
in Delta connection are used to achieve the three-phase PFC
function with the ability of redundancy [14].

However, the balance between two capacitor voltages should
be noted. In practice, the mismatched capacitances and the
mismatched equivalent series resistance (ESR) would result in
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the voltage imbalance. Therefore, the control of the three-level
boosting converter needs to balance both capacitor voltages.

In the literature [7], [8], [11], [12], [15], the voltage balancing
control loop for three-level boosting converters can be found.
In fact, the other voltage balancing control can be found in the
controls of the half-bridge PFC converter [16], [17] and the
multilevel inverter [18], [19]. All the methods need to sense
capacitor voltages to detect the voltage imbalance and yield the
desired voltage balancing function. The multiloop interleaved
control with conventional capacitor voltage balancing control
(CVBC) is also shown in Fig. 1. One control signal is generated
by the multiloop control, and the other control signal is yielded
by CVBC with sensing the capacitor voltages. For the three-level
boosting dc/dc converter, a voltage balancing control method
with sensing only inductor current was first proposed in [20].

In this paper, the concept in [20] is extended to the three-level
boosting PFC application and the proposed controller is named
the sensorless capacitor voltage balancing control (SCVBC).
The voltage imbalance between two capacitor voltages is skill-
fully detected by sensing the inductor current. The detailed anal-
ysis and the design rule of the proportion-type voltage balance
controller are also provided. It follows that sensing individual
capacitor voltage is not required, and at least one voltage sen-
sor is saved. The provided simulation and experimental results
show the effectiveness of the proposed SCVBC.

II. THREE-LEVEL BOOSTING PFC CONVERTER

From Fig. 1, the input ac voltage v; = V. sin(27 ft) is as-
sumed to be a sinusoidal function with a peak amplitude V.
Through the diode rectifier, the input voltage of the three-level
boosting converter can be expressed with the rectified voltage
|vs|. By assuming that the switching frequency f is much larger
than the line frequency f, the control signals vcopt1 and Veopngo
can be regarded as two constants within the switching period
Ts = 1/f,. In addition, the ideal inductor and the ideal ca-
pacitors are assumed. That is, the inductor resistance and the
capacitor resistances are assumed to be zero.

In Fig. 1, two triangular signals v,i; and vyio are interleaved
by 180°. The conventional multiloop control generates the con-
trol signal vont1, and then, the gate signal GT is generated from
the comparison of the control signal v..,t1 and the triangular
signal vyyi1 .

After sensing both capacitor voltages, the voltage imbalance
is detected and the conventional CVBC generates the compen-
sation signal Awv.,ynt. Then, the other control signal veongo 1S
obtained by adding the compensation signal A,y to the con-
trol signal v.ont1. The gate signal GTy is obtained from the
comparison of the control signal v.q,to and the triangular sig-
nals vi,io.

Due to the input inductor L and two diodes D; and D, in
the three-level boosting PFC converter, both switches can be
conducting at the same time without the concern of the short-
circuit damage. As plotted in Fig. 2, there are four switching
states in the three-level boosting PFC converter.

As shown in Fig. 2(a), both switches turn ON in the switch-
ing state 1. Thus, the inductor voltage v; in the three-level
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Fig. 2. Possible switching states in the three-level boosting PFC converter:

(a) state 1, (b) state 2, (c) state 3, and (d) state 4.

TABLE I
CAPACITOR CURRENTS IN EACH STATE
state 1 state 2 state 3 state 4
. —iy —iy ip —iy
‘@ <0 <0) >0
2> Veont1 t Veont2 >1 ( - ) ( N ( N )
. —ig ip =iy —ig
2
(<0) >0) (<0)
. —iy ip =iy ip =iy
‘@ <0 >0) >0)
1> Veonn + Veon2 >0 =0 (
_— . ip —iy —ig ip —iy
ic2
=0) (<0) 0

boosting PFC converter equals the rectified input voltage
vy, = |vs| and both capacitors supply energy to the load
ic1 = ic2 = (—iq) < 0.

In the switching state 2 in Fig. 2(b), the top switch turns
ON and the bottom switch turns OFF. The resulting induc-
tor voltage v, equals the rectified input voltage |vs| minus
the bottom capacitor voltage vy, = |vs| — veo. Additionally,
the capacitor C supplies energy to the load ic1 = (—i4) < 0,
but the capacitor Cy stores the energy from the input voltage
o9 = (iL — i,j) > 0.

Similarly, the resulting inductor voltage in Fig. 2(c) equals
the rectified input voltage minus the top capacitor voltage vy, =
|vs| — vor. In the switching state 3, the top capacitor C is
charged icy = (i, — iq) > 0, but the bottom capacitor C5 is
discharged iy = (—i4) < 0.

When both switches turn OFF in Fig. 2(d), the resulting in-
ductor voltage equals the rectified input voltage minus the output
voltage v, = |vs| — vg = |vs| — ve1 — veo. The rectified input
voltage |v,| supplies the load current and charges both capacitors
simultaneously icy = ico = (if, —iq) > 0.

All the capacitor currents in various switching states are tab-
ulated in Table 1.

The behavior of the three-level boosting converter can be
divided into two cases as shown in Fig. 3. In the case of 2 >
Veont1l + Veont2 > 1, two switches may conduct at the same time
within the switching period 7 and there are switching state 1,
state 2, and state 3.

In the other case of 1 > veont1 + Veont2 > 0, only switching
state 2, state 3, and state 4 exist.
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Fig. 4. Equivalent voltage balancing loop with the conventional CVBC.

In the case of 2 > veont1 + Veont2 > 1 in Fig. 3(a), the con-
ducting times of the switching state 2 and the switching state
3 are (1 — veont2)Ts and (1 — veont1)Ts, respectively. The re-
maining time for the switching state 1 is (Vcont1 + Veont2 —
1)T;. Therefore, the average capacitor currents (ic1)y, and
(ic2)p, within switching period 7T can be obtained by

<Z.Cl>T5 - _id + (1 - Ucontl)iL (1)
<iC2>T5 - *id + (]- - UcontZ)iL- (2)

Similarly, for the other case of 1 > vcont1 + Veonte > 0 in
Fig. 3(b), the conducting times of the switching state 2 and
state 3 are vVeont11s and veonta s, respectively. The remaining
time for the switching state 4 is (1 — Veont1 — Veont2 ) Ts. After
calculations, it can be found that the average capacitor currents
(ic1)p, and (ic2)p, have the same equations as (1) and (2).

Thus, in both cases, the difference between two average ca-
pacitor currents is obtained from (1) and (2)

<iCI>T5 - <iCZ>T5 = (vcontZ - Ucontl)iL = A'UcontiL~ (3)

It follows that the voltage imbalance Ave = vo1 — veo can
be expressed as
_ }A’Ucont

Avc (8) = S C iL (4)

where A’Ucom = Ucont2 — Vcontl-

The equivalent voltage balancing loop with the conventional
CVBC is plotted in Fig. 4 where the proportional controller
(i.e., P controller) with the parameter Kp is used. Thus, the
closed-loop transfer function of the voltage imbalance Av (s)
becomes

Duc(s) _¢is ®)
A’UZ‘ (S) s+ %iL

Because that (5) is a first-order response with zero steady-
state error, the voltage imbalance would be well regulated to the
zero voltage imbalance Av, = 0. Therefore, the design of the
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conventional CVBC with simple P controller is able to balance
the capacitor voltages.

III. PROPOSED SENSORLESS CAPACITOR VOLTAGE
BALANCING CONTROL

The multiloop interleaved control and the proposed SCVBC
with the proposed sampling/hold strategy are shown in Fig. 5
where only the input voltage v, the output voltage v, and the
inductor current 77 are sensed. It is noted that the proposed
sampling/hold strategy samples the inductor current ¢, thrice
per switching period 7 as shown in Fig. 6, and obtains the
average value I, and the other two values [, and [, ¢5.

The average value current I, is input to the multiloop control
to yield the desired PFC function and obtain the control signal
Veont1. The difference Al between two values I, and I,,co
is calculated and the compensating signal Av,,, is obtained by
the used P controller

A/Ucont = Kp (IUCQ - Iz‘C’l)~ (6)

Then, the other control signal v.,nto is generated by adding
the compensating signal Av.oy,¢ to the control signal veont1

Ucont2 = Vcontl + A’Ucont = Vcont1 + Kp(IvCQ - IUCI)- (7)

Fig. 6 shows the proposed sampling/hold strategy with sens-
ing the inductor current ¢;,. The average value I is obtained
by sampling the inductor current 77, at the peak of the triangu-
lar signal v,y; = 1. When the triangular signal vy, rises to 0.5
from the valley, the inductor current is sampled and the obtained
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Fig.7. Tllustrated waveforms (2 > veont1 + Veont2 > 1).(@)vey > vog >
|vs] and (b) vey > |vs| > veg.

value is defined as I,,¢1. The value I,¢9 is sampled when the
triangular signal vy,; falls to 0.5 from the peak.

After finishing all the sampling actions, the multiloop control
is performed at the controller time, and updates the two control
signals at the valley of the triangular signal v, ;.

In the following paragraphs, the analysis is divided into two
cases - 2 > Vcontl + Vcont2 > land 1> Veontl + Veont2 > 0

2> Ucontl + Vcont2 > 1.

The illustrated waveforms for the voltage imbalance Avge >
0 (i.e., vo1 > veo) are plotted in Fig. 7. Since the input ac volt-
age v, is time-varying, the voltage imbalance Avc > 0 may be
divided into two conditions—either vo; > voo > |vg| orvey >
|vs| > ve2. The waveforms in the condition vy > vea > |vg]
are plotted in Fig. 7(a), and the inductor current ¢, is falling
at the switching state 2. But the inductor current 7, is rising at
the switching state 2 in the other condition vey > |vs| > veo
as plotted in Fig. 7(b).

The illustrated waveforms for the voltage imbalance voo >
vy > |vg| and vey > |vg| > vy are plotted in Figs. 8(a) and
(b), respectively. It is noted that in Fig. 8(a), the inductor current
iy, is falling at the switching state 3, but the current i, is rising
at the switching state 3 in Fig. 8(b).

Due to the waveform symmetry in Fig. 7 and Fig. 8, the
time ¢, between the instants of sampling the value [, 1 and the
turning-off instants of the gate signal GT is equal to the time
between the turning-on instants of the gate signal GT; and the
instants of sampling the value I, 5. Therefore, the time ¢; can
be expressed in terms of the control signal veont1

Ucontl 1
ty=|————-)Ts. 8
= (1) ®
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Fig.8. Tllustrated waveforms (2 > veont1 + Veont2 > 1). (@) ve2 > voy >

|vs| and (b) voy > |vs| > ver.-

From Fig. 7 and Fig. 8, the conducting time for the switching
state 2 and the switching state 3 are (1 — veont2)7s and (1 —
Veont1)Ls» respectively. The remaining time for switching state
Lis (Veont1 + Veont2 — 1)Ts. Then, the average inductor voltage
(vr)p, in the three-level boosting converter can be expressed
as equation (9) at the bottom of the page.

Because of zero average inductor voltage in the steady-state
condition, the rectified input voltage |vs| must be equal to

"Us| - (1 - Ucontl)'UCI + (]- - 'UcontQ)UCQ- (10)

From Fig. 7 and Fig. 8, the difference Al between two
sampled values I,,c; and I,¢2 can be expressed in terms of the
time ¢

Vg vg| — v
AI’UC = I’UCQ - I’U(,‘l = Zutl + ||701(1 - U(:oyltl)Ts~
L L
(11)
Substituting (8) and (10) into (11) obtains
T
AIUC - i [(UCQ - vCl)(l - vcontl) - AvcontvCZ] . (12)

By substituting (6) into (12), the expression AL, ¢ in (12) can
be rewritten as

AI{;C _ T.,(l - Ucontl)

- =k —ve).
2L+TSKPUC2(U02 Ucl) 1(1102 UCl)

13)

Because the coefficient k; is always positive, the difference
AT,¢ is proportional to the voltage imbalance (vca — vey).
It follows that the difference AI,- can be used to detect the
voltage imbalance (v — vep ) without directly sensing the ca-
pacitor voltages.

1> Vcontl + Vcont2 > 0

|Us‘(vcont1 + Vcont2 — ]-)Ts + ("U9| - UCI)(l - Ucontl)Te + (|Us| - UCQ)(]- - 'UcontQ)Ts

<UL >Ts =

T

- |vs| - vCl(]- - Ucontl) - UCQ(l - Ucont2) (9)
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In this case, the illustrated waveforms for the voltage im-
balance vo1 > vog > |vg| and vey > veg > |vs| are plotted in
Fig. 9(a) and (b), respectively. In Fig. 9(a), the inductor current
1y, 1s rising at the switching state 3, but the inductor current 47,
is falling at the switching state 3 in Fig. 9(b).

The illustrated waveforms for the voltage imbalance |v,| >
vog > ver and veg > |vs| > veq are plotted in Fig. 10(a) and
Fig. 10(b), respectively. Itis noted that in Fig. 10(a), the inductor
current iy, is rising at the switching state 2 due to |vs| > voa,
but the current ¢, is falling at the switching state 2 in Fig. 10(b)
due to voa > |vs].

Due to the symmetry, the time ¢, between the instants of
sampling the value I, and the turning-off instants of the gate
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signal GT7 can be expressed in terms of the control signal v¢oy1

1 Vcontl
to=|-— ——— | T§.
2 <4 2 ) s

From Fig. 9 and Fig. 10, the conducting times for switch-
ing state 2 and switching state 3 are (veont17s) and (Veont2Ts ),
respectively. The remaining times in a switching period 7 for
switching state 4 is (1 — veont1 — Veont2 )Ts- The average induc-
tor voltage (v ), in the three-level converters is the same as
(9), equation (15) at the bottom of the page.

From Fig. 9 and Fig. 10, the difference Al between two
sampled values I, and [,c9 can expressed in terms of the
time

(14)

AIUC = IvC? - I’UCl = _M%UCOUHTS - 2‘Ué|7—vdt2
(16)
Substituting (10) and (14) into (16) obtains
T
AII)C = i [(UCQ - vCl)Ucontl + AvcontvCQ} . (17)

By substituting (6) into (17), (17) can be rewritten as

Tsveont1

Al = ——slcontl
O T 9L T K pues

(ve2 —wer) = ka(vez —ver).
(18)
The coefficient ks may be either positive one or negative one.
In order to force the coefficient ks positive, the denominator of
(18) should be positive

oL — Ty Kpves > 0. (19)

It implies that the controller parameter K p should be located
at the range

2L

0<Kp < m—
T9U02‘max

(20)
where vc2 max 1S the maximum bottom capacitor voltage. Then,
the difference Al would be proportional to the voltage im-
balance (vo2 — ve).

From (13) and (18) in both cases, the difference A, in both
cases are proportional to the voltage imbalance (vc2 — veq) via
properly selecting the controller parameter K p, which implies
that the difference Al,c obtained from the proposed SCVBC
can be used to detect the voltage imbalance (vo2 — vep ) without
directly sensing the capacitor voltages.

IV. SIMULATION

In this section, some simulation results of the three-level
boosting converter are provided and the used parameters are
tabulated in Table II. For the multiloop control in Fig. 1, the pa-
rameters of the voltage controller are Kp,, = 0.1 and K, =5,
and the parameters of the current controller are Kp; = 0.02 and
K7; = 10. From (20), the range of the parameter Kp must be

("U9| - Ud)(]- — Ucontl — Ucont?)Te + (|Us" - UC’I)UcontZTQ + (|vs| - UCQ)'UcontITG

<UL >Ts ==

= |vs| - 'UCI(]- - 'Ucontl) - UC2(1 - vcontQ)

T
5)
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TABLE II
SIMULATED PARAMETERS OF THREE-LEVEL BOOST CONVERTER

Input voltage 110V (rms) , 50Hz
Output voltage V] =300V
Inductor 0.5mH
Carrier frequency 20kHz

C, =2240uF, C,=1410uF
equivalent capacitance ~ 865uF

Kp=005

Capacitor

Voltage balance parameter

100V |-

-10A bosanibaneel)

302V
298V

oo T T O S

A8 e

O08AF - -ioeeeengees
0,044 i dL ..
0
-0.04A :
pasakasaranslasnanaaianaiaa i

Fig. 11.  Simulation results for the three-level boost converter at 300 W.

between 0 and 0.1. Then, K p = 0.05 is selected with consider-
ation of the inductance variation.

Two mismatched capacitances with C; = 2240 pF and Cy =
1410 pF are used in the simulation. The capacitance-mismatch
condition does not appear in the practical case, but the mis-
matched conditions are helpful for the demonstration of the
proposed SCVBC.

A. Steady-State Response

The simulation results for the three-level boosting PFC con-
verter at 300W and 600 W are plotted in Fig. 11 and Fig. 12, re-
spectively. The yielded input currents ¢4 are sinusoidal in phase
with the input voltage v,. Both capacitor voltages have the av-
erage values equal to the half average value of the dc voltage vy
even though the capacitances are mismatched.

The obtained value A, approximates to zero in the steady
state. The results show that the proposed SCVBC is able to
achieve PFC function in the three-level boost converter without
directly sensing capacitor voltages.
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B. Transient Response

In order to observe the transient response, the simulation
results during load regulation are plotted in Fig. 13. The output
power changes from 300 to 600 W due to the change of the
load resistance from 300 to 150 2. During the operation, the
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sinusoidal input current ¢4 is always in phase with the input
voltage v, and the output voltage v, is well regulated to the
command 300 V.

In addition, the bottom capacitor voltage vc» possesses larger
voltage dip than the top capacitor voltage v, because that the
capacitance Cy is smaller than the other capacitance Cy. The
significant dip in the difference A, can also be found during
the transient operation.

Both average capacitor voltages are finally equal to half
voltage command 150 V, which also shows that the proposed
SCVBC is able to detect the voltage imbalance and balance the
capacitor voltages.

The other simulation results of the transient operation are pro-
vided in Fig. 14(a) where a 400 €2 resistor is suddenly connected
the capacitor C; and then, removed from the capacitor C;. The
zoomed waveforms are plotted in Fig. 14(b).

The capacitor voltage v¢1 drops to 140 V in 0.1s due to the
connected resistor, and at the same time, the capacitor voltage
veg raises to 160 V due to the voltage control loop in the
multiloop control.

It is noted that during the transient operation, the difference
AT, becomes positive when the capacitor voltage v¢o is larger
than the other capacitor voltage v 1. After the resistor is re-
moved, both capacitor voltages are finally balanced.

Obviously, the provided simulation results show that the pro-
posed SCVBC works well without directly sensing the capacitor
voltages.
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Fig. 15. Implemented three-level boosting PFC converter with the FPGA
board.
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Fig. 16. Block diagram of the implemented three-level boosting PFC
converter.

V. EXPERIMENTAL RESULTS

The proposed SCVBC had been implemented in an FPGA-
based system as shown in Fig. 15. The nominal parameters are
the same as those in Table II. Fig. 16 is the block diagram of
the implemented three-level boosting PFC converter. Due to no
A/D and no D/A function in the commercial FPGA XC3S5250
chip, three external A/D converters are used to sense the output
voltage, the input voltage, and the inductor current. Some D/A
converters are also used to show the control variables in the
scope.

Fig. 17 and Fig. 18 show the steady-state experimental
waveforms at the power level 300 (R; = 300£2) and 600 W
(R, = 150%2), respectively. Both output voltage v, are well
regulated to 300 V, and the input currents i, are sinusoidal in
phase with the input voltage v. Although two capacitor voltages
have different voltage ripples due to their different capacitance,
they have the same average voltage 150 V.

The input current harmonics of the waveforms in Fig. 17 and
Fig. 18 are listed in Table III where the limitations for the Class
D in IEC-61000-3-2 standard are also provided for comparison.
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Fig. 17. Experimental results at 300 W.
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Fig. 18.  Experimental results at 600 W.

In the experiment, the yielded input current harmonics are below
the IEC-61000-3-2 standard.

In order to observe the transient responses, the experimental
waveforms during the load change from 300 to 600 W are plotted
in Fig. 19. The input currents ¢, keeps sinusoidal in phase with
the input voltage vs during the load regulation. All three voltages
v4, V01, and veoy are well regulated during the transient period
and the capacitor vco has the larger voltage dip than the other
capacitor voltage vc .
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TABLE III
INPUT CURRENT HARMONICS AT VARIOUS POWER LEVELS
. Class D . Class D .
Harmonics Fig. 17 (A) Fig. 18 (A)
300W(A) 600W(A)
Fundamental X 2.7975 X 5.6130
39 1.02 0.1604 2.04 0.1430
5" 0.57 0.0258 1.14 0.0098
7" 0.3 0.0092 0.6 0.0140
om 0.15 0.0330 0.3 0.0196
11" 0.105 0.0384 0.21 0.0774
13™ 0.089 0.0188 0.178 0.0124
15" 0.077 0.0234 0.154 0.0082
17" 0.068 0.0364 0.136 0.0461
19™ 0.061 0.0360 0.122 0.0413
217 0.055 0.0358 0.11 0.0358
PF 0.9952 0.9984
V% Y

100V ““l 0 1 A B B
o TR

Va

300V

150V

150V

Fig. 19. Experimental waveforms during the load change from 300 to 600 W.

It can be found that the experimental results in Fig. 19 are sim-
ilar to the simulation results in Fig. 13. Therefore, the proposed
SCVBC is able to balance voltages during the load regulation.

After connecting a resistor 400 (2 to the capacitor C', the
experimental results are shown in Fig. 20(a) and the zoomed
waveforms are plotted in Fig. 20(b). The resistor is removed
from the capacitor after 0.1 s.

Due to the connected resistor across the capacitor C, the
capacitor voltage v drops quickly, and at the same time, the
other capacitor voltage vco rises in order to regulate the dc-
side voltage v,. After the resistor is removed, significant posi-
tive voltage imbalance (vo2 — ve1) > 0 exists and the sensed
difference becomes positive Al,- > 0, too. It shows that the
proposed difference signal A, is able to detect the voltage im-
balance by sensing the inductor current. Then, the two capacitor
voltages are finally balanced.

There are many examples that the load current is not constant,
but pulsating, such as phase-shifted dc/dc converter, electronic
ballasts. To evaluate the performance of the pulsating load cur-
rent, an additional semiconductor switch is connected in se-
ries with the load resistor R;, = 150 (2. The additional switch
switches with the same 20 kHz as the PFC switching frequency,
and its duty ratio changes linearly from 100% to 10% to vary the
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Fig.20. (a) Experimental results when capacitor voltages are forced to change
and (b) the zoomed waveform of Fig. 20(a).

equivalent load resistor R/ from 150 to 1500 €. The obtained
experimental results are provided in Fig. 21.

Before PFC and SCVBC are applied, the capacitor voltages
are not balanced due to the mismatched capacitances. The ca-
pacitor voltages turn to rise and finally become balanced af-
ter the PFC and the SCVBC are applied. Then, the equivalent
load resistor R, changes linearly from 150 to 1500 Q. The ex-
perimental waveforms with equivalent resistors 150, 300, and
1500 2 are plotted in Fig. 21(b), (c) and (d), respectively. Al-
though the load current is pulsating, the PFC performances are
still accepted.

The proposed SCVBC is developed based on the assumptions
of ideal inductor and ideal capacitors. The provided experimen-
tal results show that the proposed SCVBC works well in the
practical condition of nonzero inductor resistance and capacitor
resistance.

The provided results also show that the proposed SCVBC
cooperated with the multiloop interleaved control possesses the
ability to achieve both the PFC function and the voltage balanc-
ing function without sensing any capacitor voltage even large
difference between two capacitances exists.
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Fig. 21.
(b) the zoomed waveforms with equivalent resistor 150  (duty ratio 100%),
(c) the zoomed waveforms with equivalent resistor 300 2 (duty ratio 50%).
(d) Zoomed waveforms with equivalent resistor 1500 €2 (duty ratio 10%).

(a) Experimental results when the equivalent load resistor is changed,

VI. CONCLUSION

In this paper, the SCVBC method for the three-level boosting
PFC converter has been proposed. The proposed method shows
that the voltage imbalance can be detected from sensing the
inductor current by the proposed sampling/hold strategy. That
is, it eliminates the need for extra sensors, reduces control com-
plexity, and reduces the cost and size. The reduction of cost and
size are the important contributions for PFC converters. The
control method is implemented in an FPGA-based system, and
all the provided results demonstrate the proposed method.
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